[1] Radio Doppler and ranging data at X band ($8.4 GHz), optical navigation data, and spacecraft attitude control data can be used to characterize the dust environment surrounding comet 81P/Wild 2 and possibly the mass and bulk density of its nucleus. As a secondary objective, a favorable solar conjunction prior to the cometary encounter on 2 January 2004 can be used to sound the Sun's corona at X band.
Introduction
[2] Because the Stardust mission provides one of a new class of spacecraft carrying an X band transponder, some unique and highly sensitive radio science data can be generated. For example, the planned closest approach distance to Wild 2, 150 km, might be close enough for a useful mass determination. In the area of solar physics, Doppler data at solar conjunction can be used to investigate the temporal electron content of the inner solar corona.
[3] Here we discuss the scientific objectives for Stardust dynamic science, including the data requirements and expected results. The coma flythrough is discussed in terms of theoretical predictions of the dust environment at Wild 2, and on past experience with the Giotto spacecraft at comet 26P/Grigg-Skjellerup.
[4] In summary, the scientific goals of Stardust dynamic science are the following:
[5] 1. Determine the mass and bulk density of comet Wild 2.
[6] 2. Determine the coma density and constrain the particle size distribution for comet Wild 2.
[7] 3. Sound the solar corona at X band, including electron content of the inner corona, solar wind acceleration, turbulence, and a search for coronal mass ejections.
Cometary Mass Determination
[8] The mass determination depends on the availability of coherent two-way Doppler data at cometary closest approach. The Stardust mission team has developed a spacecraft sequence that can maintain the two-way lock between the ground stations and the spacecraft transponder. The mission sequence requires two spacecraft rolls before and after cometary encounter, hence the Deep Space Network (DSN) will be out of lock with the spacecraft's high-gain antenna (HGA) during a critical interval between the two rolls. Instead, the stations will be in lock with the spacecraft's medium-gain antenna (MGA), and the DSN ground stations will use their largest aperture 70 m antennas, DSS14 at Goldstone California, and DSS43 at Canberra Australia. The elevation angle for Wild 2 is nearly the same for the two stations at closest approach, about 30°. The encounter will not be in view of the DSN's third 70 m station at Madrid Spain. By switching from 34 m stations to the 70 m stations at Goldstone and Canberra, a better gain of 6 or 7 dB can be achieved on both the uplink and downlink transmissions, thereby partially compensating for the 10 dB loss suffered by switching from the spacecraft's HGA dish (0.6 m diameter) to the conical-horn MGA. Because this is a critical issue, we discuss the two-way link budget in the following subsection. It is important to keep in mind, however, that even without the Doppler data, the coma investigation, which depends primarily on readout from the attitude control system (ACS), is still viable (see Section 4.3).
Radio Power Budgets
[9] Radio power is expressed in dB, a logarithmic scale similar to magnitudes in astronomy. With the standard reference power of a mW, the DSN transmitter power of 20 kW becomes 10 log (20 Â 10 6 ) = 73.01 dBm, where the log to the base 10 is used in the dB definition, and dBm is the power in dB referenced to a mW. On the uplink, defined as the transmission from the ground to the spacecraft, the 70 m antenna introduces 74 dBi of gain, where dBi is referenced to an isotropic radiator. As a result, the uplink transmission is beamed to the spacecraft with a power of 73 dBm plus 74 dBi, or 147 dBm at the uplink X band frequency of 7162.3125 MHz. When the radiation arrives at the spacecraft, it is primarily diminished by what is called the free-path loss, which is just the 1/r 2 drop in receiver power with distance r. In the radio band, the loss is dependent on frequency n and can be approximated by 20 log (4pr/l), where l is the wavelength c/n, and of course both r and l are in the same units. The distance r to Wild 2 at encounter is 2.6047 AU, or 3.8966 Â 10 11 m. The wavelength of the uplink radiation is 0.041859 m, and the free-space loss is thus 281 dB. There are other losses as the wave passes through the Earth's atmosphere and ionosphere and the interplanetary medium, but they can be neglected for a rough order of magnitude estimate of the link budget. Approximately 147 dBm minus 281 dB arrives at the spacecraft, for a total of À134 dBm. At the spacecraft, the signal is enhanced by an antenna. A typical spacecraft low-gain antenna (LGA) boosts the signal, or more precisely the signal to noise, by 2 or 3 dB. Stardust's patch LGA has a better gain of 6.0 dBi. The 0.6 m dish HGA, if pointed at the Earth, boosts the signal delivered to the receiver side of the transponder by 30 to 33 dB, and the MGA about 10 dB less, or 20 to 23 dB. The signal level at the spacecraft receiver should be about À114 dBm. The receiver threshold is about À157 dBm, hence there is plenty of margin for simply locking onto the uplink signal, even if the LGA were used.
[10] On the downlink the transponder is capable of an X band output power of 13 dBm, or 20 mW, and it outputs a frequency that is exactly 880/749 times the uplink frequency, or 8415 MHz. This output power is amplified by a 15 W solid-state power amplifier (SSPA) such that 15 W can be delivered to the MGA feed. Some losses occur in the horn, and downlink telemetry can take more power, but basically about 40 dBm is available, which when added to the MGA gain, produces a radiated power of about 60 dBm. Because of the shorter wavelength on the downlink, the free-space loss is about 1.4 dB more than for the uplink. A coherent signal at a power of À223 dBm arrives at Earth, and with the 70 m antenna gain of 74 dBi, the power in the signal delivered to the DSN receivers is about À149 dBm. There is ample margin. As a benchmark, a signal was received from Pioneer 10 on July 14, 2002 at the Madrid 70 m station. Pioneer 10, with its 8 W transmitter and 1960s vintage transponder, was at a distance of 80 AU from the Sun at the time. With a power of À185 dBm at the receiver, it was impossible to consistently stay in two-way lock with the Goldstone 70 m uplink, although lock had been achieved four months earlier at À183 dBm. We consider À183 dBm an empirically determined threshold level for the DSN receivers being used for Stardust.
[11] We conclude that there should be no problem in acquiring lock and delivering coherent Doppler data for the critical plus and minus three minutes at closest approach. The power margin is about 34 dB. Even if our estimate for the MGA gain were too optimistic by as much as 10 dB, because of mispointing, and if the telemetry took more power than we estimate, consistent lock could be achieved. We expect that ranging data will also be delivered by means of a ranging phase modulation on the uplink carrier wave, which is passed along by the transponder and transmitted to Earth. Past experience has shown that ranging is possible even at the Doppler threshold level [Krisher et al., 1991] . A cross correlation of the transmitted modulation with the received modulation yields the ranging data. Ever since shortly after launch, the DSN has been delivering Doppler and ranging data to the Navigation Team on a regular basis.
The encounter tracking will occur with a three dB loss over the regular tracking configuration, 7 dB of gain achieved by going from 34 m to 70 m stations, and 10 dB loss going from HGA to MGA. The overall tracking system can easily accommodate that three dB loss.
Feasibility of a Mass Determination
[12] The theory of small-body Doppler flybys was first addressed in 1971 [Anderson, 1971] . More recently the theory has been extended to include second-degree gravitational harmonics and a number of other perturbations [Anderson and Giampieri, 1999] . An important parameter is the flyby velocity V, which is 6.12 km/s for Wild 2. However, there is considerable flexibility in choosing the other important parameter, the flyby distance, or impact parameter b. The midcourse maneuver planned for July 2003 will essentially determine the value of b, although it could be changed by a possible small maneuver shortly before encounter. A conservative one-sigma navigation error, determined from data on both sides of the encounter, is ±10 km cross track from the optical navigation and ±176 s along track, or ±1072 km from a combination of the radio navigation results and the Wild 2 orbit determination. However, the error along track could be reduced to about ±2 s if a clear mass signal is detected. With an expected uncertainty in b of ±10 km, a closest approach distance of 50 km is a possibility, but in order to avoid a smearing of the images of the nucleus, along with other considerations of the dust environment, the nominal targeted distance is 150 km. The geometry of the 150 km flyby is shown in Figure 1 .
[13] The comet's mass parameter GM and the impact parameter b are the two parameters that can in principle be determined by the flyby. The observable is the range rate _ r, or LOS (line of sight) Doppler expressed in terms of fractional frequency shift y = Án/n, which for purposes of error analysis can be approximated by the first-order twoway Doppler formula y = 2_ r/c, with c the speed of light. The Figure 1 . Encounter geometry in a coordinate system with Wild 2 fixed at the origin. The encounter is shown for the critical plus and minus three minutes about closest approach. During this interval the DSN will be locked to the spacecraft's medium-gain antenna. The filled circles along the spacecraft trajectory are at one minute interval. SRD LOS Doppler is obtained by projecting the spacecraft velocity vector along the Earth-spacecraft direction as follows [Anderson and Giampieri, 1999] :
All quantities in equation (1) are referred to the closest approach time t = 0, with a and b the direction cosines for the Earth-spacecraft direction projected, respectively, along the radius and velocity vectors at closest approach. The modulus r of the time-varying unperturbed radius vector is approximated by
. The mass parameter GM is designated by m. The identification of a with the projection along the radius vector and b along the velocity vector is demonstrated by Anderson and Giampieri [1999] .
[14] The sensitivity of the data to the parameters is obtained by taking the partial derivatives of the observable y with respect to m and b. The result is,
We ignore a bias parameter y 0 , not because it is zero, but because it is independent of b and m. We also ignore any error in the flyby velocity V, determined outside the flyby. Errors in the Direction cosines can also be ignored. For the Wild 2 encounter they can be approximated to sufficient accuracy by a = 1 and b = 0. In other words, the flyby trajectory is viewed from the Earth in a cross-track direction, not along track.
[15] In general, the partial derivatives form the row matrix A(t), from which the information matrix is derived as
where T is the observation interval, approximately equal to 200 s. Finally, the covariance matrix is given by
[16] Even for a two-parameter covariance matrix in m and b, the matrix is singular for an extended data interval. This singularity can be removed by limiting the data interval T, but the correlation coefficient between the two parameters remains large ($0.99) for any data interval. The only way to obtain an independent determination of the mass is to introduce some a-priori information on the impact parameter b. For the Wild 2 flyby, the impact parameter can be determined from Doppler data and optical navigation data outside the 200 s flyby region to an accuracy of about ±10 km. A 100% a-priori error of 100 to 150 km on b has little effect in reducing the correlation, but a 10% error of 10 to 15 km removes the singularity, and reduces the correlation to 0.60. With a navigation-determined value of b, a good estimate of the mass error is given by,
This simple relationship between the error on m and the error s y on the Doppler data underestimates the rigorous error of the covariance matrix by less than 10%. In fact equation (6) can be used in general for other encounter geometries, including the orthogonal case where the trajectory is viewed along track from Earth. It just needs to be multiplied by an appropriate scale factor for other values of a and b.
[17] Strictly speaking, the error s y does not represent the standard error on a single data point, but instead the error averaged over the data interval (s y / ffiffiffiffi N p ). However, for a short flyby interval of less than 1000 s, as in the case of Wild 2, a realistic X band value of s y is about 3 Â 10 À14 (see Section 3). The factor ffiffiffiffi N p can be ignored. With b = 100 km and V = 6.1 km/s, the corresponding expected error in m is about 3 Â 10 À6 km 3 /s 2 , and after dividing by the gravitational constant G, the expected error in the mass is about 7.5 Â 10 À12 Earth masses, or about 4.5 Â 10 13 kg. This represents a useful accuracy for a comet nucleus, although perhaps not accurate enough for a useful density determination.
[18] As a check, and for purposes of illustration, we plot the expected mass signal for m = 10 À6 km 3 /s 2 ( Figure 2 ). The signal is shown for three values of the impact parameter, 50 km, 100 km, and 150 km. Indeed, the signal is near the expected noise level for all three curves, although of course the signal to noise is more favorable for the closest flyby, and it would definitely be easier to extract the larger signal from a noisy data record. However, other consider- , or a mass of 1.5 Â 10 13 kg, typical of cometary nuclei. The Doppler signal is for a two-way fractional frequency shift in units of 10 À14 , and the three curves represent impact parameters of 50, 100, and 150 km. The targeted closest approach distance is 150 km, but the 50 km and 100 km curves are shown for comparison. The dashed line represents a zero Doppler shift with the mean subtracted out. The scale of the ordinate axis is equal to the expected Doppler error, ±3 Â 10
À14
. The predicted Wild 2 mass is $4 Â 10 13 kg [Sekanina, 2003] .
ations dictate that the closest approach be at 150 km or more.
[19] The possibility that a large particle impact can cause a loss of two-way Doppler lock is unlikely, given the prediction that the Wild 2 coma is mostly gas [Sekanina, 2003] . However, just to get an idea of how much information is lost if the Doppler data is terminated, we have computed the mass error as a function of time from closest approach. Given the curves of Figure 2 , it appears that not much mass information is obtained until the knee of the curve has been reached at about 20 s before closest approach in the 150 km flyby. The formal covariance matrix confirms this, and in fact suggests that a mass determination is possible for a loss of Doppler somewhat earlier than minus 20 s.
Doppler Error Budget
[20] The X band carrier wave is perturbed as it passes through various media between the DSN station and the spacecraft. This produces phase noise that can confuse and degrade the cometary mass determination. By far the most serious degradation is caused by interplanetary plasma. The Earth's neutral atmosphere is a lesser concern, and the Earth's ionosphere, although important, can be considered a component of the interplanetary plasma over the short duration of the experiment, 200 s or less. The amplitude of the plasma noise is strongly dependent on the solar elongation angle, or equivalently the Sun-Earth-spacecraft angle (SEP) . At the Wild 2 encounter, the SEP angle is about 31°. Here the expected Doppler noise is about 112 times the expected noise at SEP angles greater than 169°. The noise spectra S y for the fractional Doppler frequency Án/n reveal flatter spectra close to the Sun and gradually increasing spectral indices of À2/3 (Kolmogorov) at elongation angles outside SEP $5° . The expected noise spectrum for X band data at SEP = 31°is approximately S y = 1.4 Â 10 À23 f À2/3 Hz À1 . By contrast, the Earth's tropospheric noise is smaller and not as red [Armstrong and Sramek, 1982] . The tropospheric noise is highly variable from day to day, but we assume a power spectral density S y = 7.2 Â 10 À27 f
À2/5
, consistent with Armstrong and Sramek's results. The geometry of the flyby minimizes the effect of dust impacts on the Doppler data, hence we ignore impacts in the error budget, although impacts can be detected by the attitude control sensors.
[21] In addition to the errors introduced by the radio wave's propagation through various media, there are a number of other sources. These include the ground electronics at the DSN stations (frequency standard, frequency distribution, receiver chain, transmitter chain), mechanical jitter in the ground antenna, thermal noise in the ground receiver, and the spacecraft's radio system. However a more uncertain error source is the spacecraft's attitude control system, although its effects can be modeled to some level of accuracy by means of readout from the onboard gyros and accelerometers (small forces file). Consistent with our experience with Stardust Doppler data and the small forces file, we assume that the acceleration noise can be approximated by an f À1 flicker spectrum given by S a = h a /f km 2 s À4 Hz À1 (all spectra in this paper are one sided). The corresponding spectrum for fractional Doppler frequency shift is S y = S a /(p c f ) 2 = h a Â 1.13 Â 10 À12 f À3 Hz
À1
, and from an analysis of Doppler residuals, we obtain an estimate for h a of 1.16 Â 10 À25 . The Doppler data are consistent with this flicker acceleration spectrum, but a white noise spectrum fits almost as well. For white acceleration noise, S a = 4.4 Â 10 À20 . If the modeling of the acceleration contribution by the attitude control system can be done as well at Wild 2 as during the cruise phase, we conclude that the attitude control system is not a problem for the mass determination. For the preferred flicker noise spectrum, the noise from the attitude control system should not be evident in any of the Stardust Doppler data until the observing interval exceeds 3.75 hr, at which time the attitude control noise reaches the level of the tropospheric noise.
[22] Rather than base the overall Doppler error on previously observed noise spectra, we instead base it on actual Stardust data over a three-month observing interval after launch, from 23 January to 28 April 2000. The Doppler residuals, after removal of the orbit-determination model from the data, are plotted in Figure 3 as a function of elongation angle. The increase in noise during the first solar conjunction is obvious, and the plot shows that the noise is significantly reduced at the Wild 2 encounter elongation of 31°. Further, because the solar-activity cycle is on a steep decline from its near maximum at the time of the 2000 solar conjunction, the plasma noise should be even less at the Wild 2 encounter. We adopt the last DSN pass of data near 40°elongation as typical of the expected noise during the encounter. In fact the last few passes exhibit similar statistics. The results for the last pass are shown in Figure 4 . We conclude from Figure 4 that the fractional frequency error for the two-way Doppler, over the 200 s to 300 s interval of the mass experiment, is 3 Â 10 À14 , as assumed in section 2.
[23] Finally, we point out that our error analysis for the attitude control system has implications to the coronal sounding experiment. At small SEP angles, the coronal noise is actually the signal of interest. At an SEP angle of 10°from the Sun, the expected coronal noise increases the SRD spectral density by about a factor of 100 over its value at SEP = 31°. The level of the flicker acceleration noise is well below the level of the plasma noise for any reasonable spectral frequency interval. We conclude that the corona can be sounded successfully at the favorable 2003 conjunction.
Data Required for Dynamic Science
[24] The coherent Doppler and ranging data depend on two Motorola X band transponders (DST) on the Stardust spacecraft. The Doppler data during the closest approach to Wild 2 provide information on the gravity field of the comet and, by means of the effect of dust impacts on the spacecraft, the comet's dust environment. The spacecraft attitude control system also provides information on dust impacts by means of inferred spacecraft torques. The determination of the spacecraft's trajectory, needed for the measurements of cometary mass and dust impacts, depends on radio Doppler and ranging data, and on optical navigation data. During the coma flythrough, the line of sight between Earth and Wild 2 is perpendicular to Stardust's trajectory path, hence dust impacts will not be evident in the Doppler data directly, but they might be observed indirectly by means of mechanical librations of the spacecraft antenna.
X Band Doppler and Ranging Data
[25] Stardust radio tracking is provided by the Deep Space Network (DSN) as a support function. In the normal configuration, tracking complexes at Goldstone California, near Madrid Spain, and near Canberra Australia are scheduled, with the 34 m High Efficiency (HEF) stations transmitting and receiving the X band radio carrier, along with ranging and telemetry phase modulation. The transmitted frequency is compared with the received frequency for purposes of generating the Doppler shift, while the transmitted ranging modulation is cross correlated with the received modulation for purposes of generating the ranging data. The spacecraft transmitter is normally off, and is turned on by a stored block of commands on the spacecraft during communication intervals. As a backup, the transmitter can be turned on by an uplink command from a DSN station. Either transponder can be used, but only one is on for any single communications block. Normally, the downlink signal is routed to the high-gain antenna, but it is possible to route it through a medium-gain antenna, or one of two low-gain antennas. In the phase coherent mode, the RF carrier frequency from a DSN station is 7.1750270 GHz. The spacecraft downlink is at a frequency determined by the transponder turnaround ratio of 880/749 (RF downlink approximately equal to 8.429938 GHz). In the noncoherent mode, useful for telemetry transmission but useless for Doppler and ranging data, the spacecraft's auxiliary oscillator provides an RF frequency of about 8427 MHz. There is no crystal or atomic frequency standard controlling the spacecraft oscillator. In a two-way mode for navigation and dynamic science, the coherent transmission is referenced to DSN atomic frequency standards. The spacecraft's X band transmitter power output is 15 W (42 dBm) with an antenna gain of 31.7 dB for the high-gain antenna, 22.0 dB for the medium-gain antennas, and 6.0 dB for the low-gain antennas.
Optical Navigation Data
[26] Optical navigation images of Wild 2 and adjacent stars begin about 100 days from cometary encounter, with the number of image frames being greatest near closest approach (one frame per hour). The spacecraft's command system autonomously controls the imaging of the cometary nucleus as well as the optical navigation frames. At about 50 days from comet Wild 2 encounter, the optical navigation data provides positional information for the comet that is competitive with ground-based observations. At closer distances, the optical navigation data provides unique measurements of the angular position of Wild 2 as viewed from Stardust, information that can be combined with the Doppler and ranging data for purposes of obtaining the best spacecraft orbit possible with respect to Wild 2.
Small Spacecraft Forces
[27] The spacecraft will be subjected to hypervelocity impacts with dust and ice grains during its flight through the cometary coma, resulting in a net transfer of momentum which will decrease the relative spacecraft-nucleus velocity. The momentum transferred by particles can change due to the nature of the interaction during impact. If large amounts of backward-moving debris are sputtered from the bumper shield by the explosive character of the impact events, the momentum transfer could be substantially larger than that of the initial impact particle. This effect is taken into account by the momentum enhancement factor , defined by the ratio of ablated spacecraft and particle debris (m Á v) to the initial particle momentum (m 0 Á v 0 ). Large values of are likely for the smaller grains.
[28] For very large particles (>1 mm) that penetrate the first layer of the bumper shield, the net momentum transfer is classically inelastic and the contribution of the sputtered Figure 3 as a function of Doppler integration time T C . At integration times shorter than 100 s the error follows a 1/T C 1/2 law indicating white frequency noise. Between 100 s and 1000 s, the interval of interest for the mass determination, the error follows a 1/T C law indicating white phase noise. Between 600 s and 1000 s the plasma noise is beginning to dominate the error budget with an approximately constant s y of 10
À14
. At the characteristic interval of 200 s to 300 s for the mass determination, the error is about 3 Â 10 À14 . debris will be essentially zero ( = 0). Even for the unexpected hazardous particles up to 1 cm in diameter, the multiple layers of the Whipple shield will absorb almost all the material since the entry point will be a clean hole and subsequent interaction events will produce ever-larger debris patterns which are contained within the volume of the shield. For reasons of protection against contamination by debris, the sides of the Whipple shields are closed in highstrength polyamide film (Kapton) so that all material is retained.
[29] The range of possible observable dust impact interactions is large. In addition to the translational momentum transfer, one or more large particle impacts will produce a torque on the spacecraft. There is little chance that a large particle will impact exactly at the center of gravity subpoint on the shields. In fact, there is a 40% chance that it will impact one of the solar array shields rather than the main body shield and the moment arm associated with the impact might be $1 m or more from the principal axis of the spacecraft. In this event, the inertial measurement system (gyros) will provide rotation rate information which the spacecraft thrusters are programmed to counteract.
[30] A Small Forces File, recorded during the coma passage and later telemetered to Earth, documents all onboard thruster operations. The history of thruster firings and attitude quaternion readings will be reconstructed from these data, providing a basis for detection and evaluation of individual dust impact events.
Comet Encounters: The Giotto Experience
[31] The Giotto Radio Science Experiment (GRE) measured the deceleration and attitude perturbation of the spacecraft during its flybys at comet 1P/Halley on 13/14 March 1986 and 26P/Grigg-Skjellerup on 10 July 1992 [Bird et al., 1988; Edenhofer et al., 1986; Pätzold et al., 1991a Pätzold et al., , 1991b Pätzold et al., , 1993b . The change of Giotto's dynamical state by the influx of cometary dust particles overwhelmed the predicted gravitational deflection of the spacecraft by the cometary nucleus, which was below the detection threshold in both cases. Nevertheless, the Giotto experience provides some lessons that may be applicable for the Stardust encounter with Comet Wild 2.
Flybys at Comets Halley and Grigg-Skjellerup
[32] Giotto was equipped with a bumper shield oriented perpendicular to the direction of dust influx during the Halley encounter. The angle between the direction of the relative velocity vector and the direction to Earth, the Earth Aspect Angle (EAA), was 44°. Consequently, the despun high-gain antenna was installed at that fixed angle. This fixed angle posed a problem for the Grigg-Skjellerup encounter, because the flyby geometry was completely different. The bumper shield could not be positioned perpendicular to the dust influx without losing radio contact with Earth. As a result, the dust particles impacted both the bumper shield and the entire spacecraft body at an oblique angle.
[33] The GRE observational strategy was twofold. Twoway coherent Doppler and ranging data (S-band uplink, X band downlink) were recorded after the last spacecraft maneuver before encounter and before the first spacecraft maneuver after encounter. One-way noncoherent Doppler data at X band were recorded during the encounter itself using closed-loop (sample rate 10 samples per second) and open-loop (sample rate 50,000 samples per second) receiving systems. Table 1 gives a summary of GRE mass impact results obtained from the Halley and Grigg-Skjellerup flybys [Pätzold et al., 1993a] .
[34] The change in radial velocity (along the line of sight) was determined from two-way Doppler and ranging data before and after the encounters. These data were determined to be much more credible than the one-way noncoherent data recorded during the encounter, which contained contributions from so-called pseudo-Doppler [Pätzold et al., 1991b [Pätzold et al., , 1993a . Additional Doppler shifts of +12 Hz (blue shift) and À120 Hz (red shift) found in the Halley and Grigg-Skjellerup encounter records, respectively, were most probably generated by the onboard oscillator due to vibrations caused by the impact of large dust particles.
[35] Impacts of large dust particles (>1 mg) at hypervelocity (68.7 km/s) produced extensive damage to the spacecraft during the Halley flyby. The camera baffle was lost, the dust shield was perforated, and an electrical discharge (also probably induced by the impact of a dust particle) destroyed all high voltage experiments. Moreover, the highgain antenna swung away from the Earth direction a few seconds prior to closest approach, causing a significant loss of telemetry over the next 20 minutes [Pätzold et al., 1991c] . The X band carrier wave, recovered after 22 seconds, displayed large oscillations in Doppler and signal amplitude caused by the spacecraft's nutational motion. The deceleration of the spacecraft proceeded in distinct steps when passing through Halley's well-defined dust jets. The final GRE data analysis [Pätzold, 1990] suggested that large dust particles contributed 95% of the 230.5 mm/s integrated spacecraft deceleration along the trajectory track.
[36] The effects of dust impacts were more benign at the Grigg-Skjellerup flyby. The total spacecraft deceleration was only about 1 mm/s along the trajectory, as determined from the two-way Doppler data recorded before and after the encounter [Pätzold et al., 1993b] . High oscillator noise (23 times larger than the 1 mm/s total deceleration signal) prevented any possible determination of the deceleration by means of the encounter-time Doppler recordings. Interestingly, however, about six seconds after closest approach, these recordings revealed an abrupt decrease in the carrier frequency by '120 Hz. At the same time, the open-loop frequency spectra showed a large drop in carrier signal level and a Doppler shift by À83 Hz that occurred between consecutive samples at time increments of 20 ms. A slight nutation and a change in spin rate were observed following this abrupt event. The only plausible explanation offered for these dynamical changes was that the spacecraft was struck by a dust particle of 39 mg effective mass [Pätzold et al., 1993b] . This was later confirmed by the Giotto Optical Probe Experiment (OPE) [LeDuin et al., 1996] .
Application to the Stardust Encounter at Wild 2
[37] Previous experience with Giotto implies that the deceleration of a spacecraft passing through the coma of a comet is controlled by the impact of large dust particles. These impacts can be represented as random events drawn from a Poisson frequency distribution, while the influx by fine dust and gas can be fairly well represented by a continuous deceleration of moderate amplitude. The deceleration tends to occur in distinct steps when the spacecraft traverses cometary dust jets. The magnitude and frequency of these steps depend on the activity of the comet nucleus with heliocentric distance and the direction of spacecraft approach. Considering the expected cometary activity (especially the dust production rate) and geometric encounter parameters (flyby velocity and distance), Giotto's flyby at comet Grigg-Skjellerup probably offers the better analogy with the encounter of Stardust at comet Wild 2.
[38] Invoking conservation of momentum, Stardust will be decelerated by
where v 0 = 6.1 km/s is the relative flyby velocity and M = 348 kg is the mass of the spacecraft at encounter. An effective impact mass of m eff = 1 g thus produces a deceleration of Áv = 17.5 mm/s for the Stardust encounter parameters. The effective mass is related to the real impacting mass by
where is the momentum enhancement factor discussed in section 4.3.
[39] On the basis of the expected dust fluence at the Wild 2 encounter from the Stardust Mission Plan, using an effective spacecraft cross sectional area exposed to the dust of 2.05 m 2 , and assuming a 150 km flyby distance, we expect the background dust to contain a total real mass of 34 mg. For the Giotto encounter at comet Halley, was estimated to be in the range $8 to 12 for the small nonpenetrating particles that sputter considerable amounts of material from the spacecraft's bumper shield [McDonnell et al., 1987; Wallis, 1986] . Using = 9 for the Stardust scenario, we obtain an integrated velocity decrease from equation (7) of Áv = 6.0 mm/s. The momentum enhancement, and thus the deceleration, may well be smaller at the considerably smaller Stardust encounter velocity of 6.1 km/s.
[40] As mentioned earlier, any coma-induced along-track drag will not be measurable in the encounter data because of the particular flyby geometry with the relative velocity vector virtually perpendicular to the spacecraft/Earth line. This holds as well for the penetrating dust particles larger than 1 mg (inelastic collisions: = 0), which would be expected to impact the spacecraft statistically and decelerate the spacecraft in distinct events. The random torques associated with these impacts, however, might be revealed if they trigger thruster operation (Small Forces File) programmed to maintain nominal spacecraft attitude.
